A review of case-control, cohort, and meta-analytic studies on breast cancer, occupation, and work-related exposures from 2002 to 2017 revealed significant methodological limitations in the current literature. As part of our review, we tabulated the demographic and life history data, breast cancer risk factors, occupational history, and exposure estimates collected and analyzed in each study. Opportunities exist for future research to explore occupation and breast cancer more rigorously and with greater nuance by gathering specific data on age at diagnosis, menopausal status, tumor characteristics, demographics, breast cancer risk factors, and occupational histories, work roles and settings, and exposures. Inclusion of workers in the planning and implementation of research on their occupational risks and exposures is one effective way to refine research questions and ensure research is relevant to workers' needs and concerns.
Introduction
Our earlier paper in this volume explored occupations and workplace exposures that may increase risk of breast cancer. The data suggest that medical professionals, flight attendants, sales and retail workers, production workers, and scientists may have increased breast cancer risk. In addition, occupational exposures to night-shift work, ionizing radiation, some chemicals, job stress, and sedentary work may increase risk of breast cancer.
This article briefly describes the methods of our scoping review. We then describe our findings from a review of the methods of the 142 articles included in our scoping review. We describe the degree to which studies included important interactions, covariates, detailed job history data, exposure data, and worker engagement as part of their study design. For each, we recommend ways to enhance the research on women, occupation, and breast cancer in the future. We end with three overarching principles that can guide the integration of research into policy.
Methods
We undertook a scoping review of occupation and breast cancer to examine the extent and rigor of the research on breast cancer and occupation. Our aim was to identify occupations and workplace exposures that may convey increased risk of breast cancer, occupations and exposures that are priorities for additional research, and methodological needs for future studies. Our article selection criteria are fully reported in our prior paper in this volume.
We reviewed sixty-five case-control studies, sixty-one cohort studies, and fifteen meta-analytic studies related to occupation, workplace exposures, and breast cancer. For the methods evaluation, we tabulated details about the design of each study to better understand the data collected. We tallied details on the inclusion of demographic characteristics, menopausal status, breast cancer subtypes/tumor receptor status (ER+, PR+, HER2, and triple negative), commonly cited breast cancer risk factors, work characteristics and exposures, and worker engagement. A full list of data gathered can be found in Table 1 , along with the frequency of inclusion in the studies that comprised our scoping review.
Results and Recommendations
Based upon a 2015 review of the literature on occupational cancer from 1991 to 2009, 1 50 percent of studies still include only men, while only 9.1 percent of studies focus exclusively on women. The remaining 41 percent of studies include both. For breast cancer specifically-a disease that is one hundred times more likely in women than in men-13.4 percent of studies included only men. The studies that included only women (27.4 percent) provided fewer risk estimates than those studies exploring only men.
Our results revealed significant methodological limitations in the research on breast cancer and occupation. We found that many individual and social aspects relevant to breast cancer are not fully captured or analyzed in studies of women's occupation and breast cancer. These include socioeconomic factors, race/ethnicity, geography of origin, other exposures (e.g., in the home or ambient environment), work history, physical activity, diet, breast density, age at menarche (first period), menopausal status, parity (number of births), breastfeeding history, genes relevant to breast cancer risk, night-shift work and sleep patterns, and psychosocial stress measures. 2 Some of these factors relate to breast cancer risk and also covary with different occupations and with potential workplace exposures. Table 1 shows the different methodological considerations we explored and the number of studies in our review that addressed each factor. Supplement 1 provides further detail regarding the methods for each study included in our review.
Breast Cancer Risk Factors
Commonly accepted risk factors for breast cancer include family history, 3 smoking 4 and alcohol consumption, 5 and physical activity. 6 Body weight, body mass index (BMI), and adult weight gain are also related to breast cancer, 7 albeit with different patterns of risk depending upon menopausal status. 8 Several of these accepted breast cancer risk factors were not consistently included as covariates in studies of occupation and breast cancer or workplace exposures and breast cancer. Family history was included in about one-half of analyses. Anthropomorphic measures, such as BMI, were only included in 42 percent of studies. Smoking and alcohol use were included in 38 and 35 percent of studies, respectively. Workplace physical activity was only evaluated in sixteen studies. This is particularly notable since workplace physical activity was consistently protective for breast cancer and may ameliorate other risks in occupations that require physical activity (e.g., agriculture or firefighting).
Studies should evaluate widely accepted breast cancer risk factors as potential confounders or covariates in any study of occupation and breast cancer. Adjusted data should be reported. It is becoming more common to evaluate study quality when setting criteria for meta-analytics studies. Conducting subanalyses with adjusted data can be especially important, since findings may be affected by confounding risk factors. For instance, one meta-analysis of night-shift work found elevated risk of breast cancer when researchers analyzed high-quality studies that adjusted for breast cancer risk factors, and no effect in the studies without analysis of confounders. 9 In examining so many factors, identifying direct relationships between single variables and development of breast cancer may become almost impossible. Researchers and public health policy-makers need to become more comfortable with models based on probability and uncertainty, which emerge from incorporating greater complexity. [10] [11] [12] Furthermore, policy-makers must be willing to act to protect worker health even in the face of these uncertainties.
Age and Menopausal Status
Breast cancers before and after menopause have different prognoses and may have different causes. Premenopausal breast cancers are often more aggressive and could plausibly be linked to different exposures than postmenopausal breast cancer. Most studies in our scoping review captured age at diagnosis; however, twenty-five studies did not and instead reported age at study enrollment. Approximately half of the studies in our review specifically gathered information on age at menopause or used an age as a proxy for menopausal status (usually age fifty or fifty-five years). An additional twelve studies reported menopausal status for their sample but did not specifically analyze menopause as a study variable.
Future studies should report age at diagnosis. Further, researchers should specifically assess menopausal status at diagnosis. A 2012 study found dramatically increased risk of premenopausal breast cancer among food canning workers and automotive plastics workers. 13 Studies that gathered menopausal status data but did not conduct analysis on this variable may be able to report additional findings if they have sufficient participants to parse the data by menopausal status.
Reproductive history. Reproductive history, including parity, age at first birth, number of live births, and breastfeeding, is associated with risk of breast cancer.
14 Women in some occupations are more likely to delay having children, or choose not to have them, because of education, work demands, and work cultures. Reproductive history was considered as a covariate in about two-thirds of the studies reviewed.
Age at exposure and duration of exposure. We know from the larger body of research on environmental exposures and breast cancer that the timing of exposures can be quite significant. 15 Women at younger ages may be more vulnerable to effects of toxic exposures as has been seen in occupational studies of ionizing radiation 16 and solvent exposure. 17 In some occupations, the worst exposures may occur in entry-level or temporary roles. Earlier life occupational exposures may be of greatest concern, as in the case of radiological technologists employed in early adulthood in the early twentieth century when exposures were highest due to less sophisticated equipment and less stringent safety precautions. 16 Farmworkers, in particular, may begin work as children or young adults, and their early exposures may interact with other occupations later in life to collectively increase breast cancer risk. 18 Breast cancer is diagnosed much more often in postmenopausal women, but exposures early in life can impact risk of its occurrence later. Therefore, it is important that we study young workers to capture these exposures and, ideally, include enough follow-up time within study designs to observe effects later in life.
The studies included in our scoping review very rarely assessed the age when workers entered an occupation or when they began encountering a specific exposure at work. Duration of exposure was more often assessed. About 36 percent of studies looked at one or both variables. Only nineteen studies specifically examined interactions among different occupational exposures or other factors, such as genetic variants or prior occupations. This is an area that is ripe for further development.
Young women are also of childbearing age. This is particularly important, because a growing body of research supports the theory of developmental origins of health and disease (DOHaD), meaning that exposures in early life, within the womb, can have significant effects on later-life health and susceptibility to disease. 19 We must be concerned for the effects of women's occupational exposures on health outcomes for their fetuses and children as well as for themselves. Women may carry exposures home from work, 20, 21 leading to inadvertent exposures to children during critical periods of development.
Race, ethnicity, socioeconomic status, and local exposures
More aggressive tumors are more common in young black and Latina women who often are disproportionately more likely to live and work in areas that are marked by higher toxic exposures. 22, 23 Because occupational disparities exist across race/ethnicity among employed women, and rates of breast cancer vary in complex ways, it is vital that studies include data on demographics and assess interactions. White women's presence has increased in male-dominated professions such as economists and veterinarians since the 1970s, while women identifying as other races/ethnicities are increasing in traditionally female-dominated professions such as nurses and teachers. 24 Only a small number of studies have stratified breast cancer risk by demographics, and they have frequently found differences between black and white women. Forty studies (28 percent) addressed race and occupation, and about half considered socioeconomic factors or education. Studies that report results for women of any ethnicities other than Caucasian/white or African-American/black are strikingly rare. Even if other ethnicities are present in the cohorts, their numbers are often too small to draw statistically valid conclusions.
In cohort studies, the best comparison group would be composed of those with similar education, occupational attainment and income, within the same region. Some regions may have heavy sources of environmental pollutants from industry, which could elevate risk for a region, including workers in that industry. Comparisons among groups within the same region, then, would provide the most accurate estimates of occupational risks. However, none of the studies we reviewed examined local exposures from industry, and only eighteen studies in our scoping review evaluated any other sources of exposure. These studies assessed other passive or active smoking exposure in studies of workplace passive smoke exposure; leisure time physical activity in studies that evaluated workplace physical activity; pesticide drift in studies of agricultural occupations or pesticide exposure; and residential light-at-night in studies of night-shift work.
Tumor receptor status and other diagnostic factors
Breast cancer is not a single disease; it is a complex collection of diseases with different diagnostic criteria. 25 These subtypes vary by race/ethnicity, individual and neighborhood socioeconomic status, and age. Specific exposures may increase risk of each of these different breast cancer subtypes. Only nine studies in our scoping review assessed stage at diagnosis, and only twenty-seven analyzed tumor receptor status. Detailed information on breast cancer diagnosis should be collected to enable richer analysis of the effects of specific workplace exposures. Several studies that analyzed risk stratified by tumor subtype found different patterns of risk depending on receptor status. 18, [26] [27] [28] [29] The risks of certain subtypes of breast cancer may be influenced more strongly by certain specific exposures. These subtleties may be missed if researchers consider overall breast cancer incidence or mortality instead of analyzing risks for specific subtypes of breast cancer.
Small sample sizes
There are fewer women than men in some fields, such as firefighting, some sciences, and some production sectors. In other careers, such as medicine, women have entered a field in larger numbers more recently, which may present a particularly good opportunity for study.
Furthermore, women often have nontraditional work patterns. For instance, they are often employed part-time and may have career breaks before returning to employment. In addition, many women change their last names at marriage, making it more difficult to gather longitudinal data from registries and other databases. Women's work patterns may make it more difficult to gather sample sizes with sufficient power to find an effect.
As a result of small sample sizes, many studies demonstrate elevated risk calculations that approach but do not attain statistical significance. It can be difficult to know how to interpret these studies. Scientific prudence relies on statistical significance, but public health precautions may rely more on apparent elevated risk. Replicating studies with larger samples and pooling studies in meta-analyses could help resolve these questions.
Researchers can also focus on physiological changes that may act as early precursors of disease. 30 Chemical exposures result in disease outcomes through a variety of mechanisms. Studies of occupational exposure and breast cancer should, where possible, examine the early indicators of damage caused by exposures. For example, studies of night-shift work that study disruptions in the patterns of melatonin production will capture a physiological change that might further predict cancer risk. Observing this more proximal outcome to night-shift work can point to an exposure of concern well before actual disease develops in a subset of workers. In our review, only one study used this strategy-a 2015 study of melatonin disruption among nurses. 31 Options exist to explore additional biomarkers and early physiological changes. 30 
Exposure Assessment
Even within a given job title, women's work roles may lead to different exposures than those experienced by working men. Heterogeneous occupational classifications also make it difficult to compare patterns across time and between nations. Broad occupational categories can mask disparities. For example, when looking at the U.S. Department of Labor statistics, women account for 57.2 percent of professional and related occupations yet within this category, they represent 90 percent of nurses and only 8.8 percent of mechanical engineers. 32 The different exposures between these detailed occupations would be masked if they remain grouped under "professional occupations." When possible, engaging workers about their experiences, activities, patterns, and work cultures may be vital. 33 Observing work settings, ergonomics, and activities, as well as direct monitoring or biomonitoring, could help fill in some of the substantial gaps here.
Only twelve studies reported access to physiological samples, and in most of these studies, no analyses of those samples were reported. Seventy-nine studies evaluated workplace exposures, often through job exposure matrices, self-reported exposures (especially to night-shift work), radiation dosimeters, and measures of chemicals in work spaces. While the majority of studies evaluated fairly detailed job histories (79 of 142 studies), only twenty-two studies evaluated job role changes over time within a given occupational setting.
Without direct monitoring of occupational exposures, it is difficult to capture the environment of the workplace or the level and type of toxicants to which women have been exposed. This is especially an issue for studies of diseases like breast cancer, where the latency between exposures and diagnosis may be several years or even decades. Good exposure measurements need to be made and retained for long periods of time.
Although sometimes difficult, and always expensive and time-consuming, it is critical to obtain accurate measurements of occupational exposures. It is important not only for better research design but also for serving as the basis for worker and management education, workplace remediation, revision of safety standards, and policy change.
Workers, unions, professional associations, and employers should all be involved in the process of exposure monitoring, to ensure all are informed and supportive. Researchers can:
• Measure chemicals and radiation exposure in the workplace (e.g., through dust, air and water sampling).
• Assess shift work history in detail, including the pattern and number of consecutive night shifts, timing over the life course (e.g., prior to first birth, pre-and postmenopause), and duration. 34 • Measure other markers that may be related to night-shift work, 34 such as melatonin, circadian disruption as it relates to chronotype, sleep disturbances, stress and cortisol patterns and sleep habits off shift.
• Measure the levels of workplace chemicals and their metabolites through biomonitoring of workers. This involves taking biological samples from workers (serum, urine, etc.) and testing for chemicals and the products of their metabolism in the body. Repeated biomonitoring could help characterize exposures over time. For instance, studies could measure exposures upon first employment and follow-up with new measurements every few years.
• Measure the same chemicals in workers' homes and communities to ascertain more complete exposure patterns and to determine whether community controls are indeed unexposed, since some industries may also pollute local air and water.
Researchers can collect qualitative data that can inform exposure assessment, with or without biomonitoring. Brophy et al. 18, 35 used such methods to collect experiential data through individual and group interviews with workers.
Facilitated discussion included open-ended questions about the participants' working conditions, job tasks, plant layout, chemicals used, protective controls, changes that occurred over time, exposure concerns, improvements needed, and perceived barriers to gaining improvements.
We must know which exposures are contributing to breast cancer risk in particular occupations in order to develop workplace solutions. Direct measurements are needed to provide this information.
Worker inclusion
In our review, only one study included workers in the development of the research questions or study design. This is a serious omission, since workers are likely to be the best informed about their job roles and activities, their proximity to exposures of concern, and health issues among their colleagues. Workers' knowledge and vested interest in their health may motivate changes to reduce exposures. At the same time, research could help empower workers to demand safer conditions. Worker engagement should be included as a critical aspect of occupational research. For instance, a study of women firefighters emerged from firefighters' concerns about breast cancer and workplace exposures. Firefighters engaged in the study design, questionnaire development, and study report-back. This helped support the development of a study that spoke directly to the work context, activities, and language used by firefighters to make the study more relevant. 36 When workers are involved at all stages of the research process-from project inception through planning, execution, results dissemination, and implementation of solutions-the research is more relevant, rigorous, and reaches the affected communities more readily. 37 Community-based participatory research (CBPR) provides a principled framework to guide community inclusion, including workers. CBPR involves a partnership among community members, representatives from communitybased organizations and service and regulatory agencies, and academic researchers. Ideally, the partnership equitably involves all members in all aspects of the research process. All members contribute their varied expertise and share decision-making and ownership in projects aimed at simultaneously enhancing knowledge and improving the health of community members through interventions and policy and social change. 38 CBPR can offer actionable information for affected communities. Workers have the best understanding of their environment and the politics of their workplace, so they can offer an entre´e into professional organizations which, in turn, can work with employers and regulators to achieve real and lasting change in workplaces and practices.
Beyond these practical considerations, there is a moral imperative to involve workers in occupational health studies. Research on work-related exposures should lead to better understanding of occupational conditions, on the part of both workers and management. This is not a trivial undertaking. Academiccommunity collaborations are complex endeavors that require significant investment in building relationships to ensure that the goals, objectives, and needs of each partner are clearly addressed. 37 Worker participation also reinforces the importance of nesting research objectives within the context of workers' everyday concerns. Worker input into the research agenda can also help balance theoretical objectives with practical realities and hence must be a priority. In one project, nail salon workers urged that policy changes for safer workplaces incorporate economic considerations for work force members. 39 This program engaged a diverse group of stakeholders including Vietnamese salon workers, owners, researchers, advocates, and regulators.
When CBPR approaches are impractical because of study size or a wide range of occupations, one approach for informing the research and interpreting the data is to conduct intensive focus groups with a subset of the participants in the study, or with local workers. An example where this approach was successful was the research by Brophy et al. 18, 35 involving paired quantitative (large) and qualitative (smaller) studies examining occupational exposures and breast cancer incidence in women working in plastics manufacturing. The focus groups helped the researchers to achieve a deeper understanding of the chemicals to which the women were exposed, the adverse conditions the women were working in and the negative health effects-both acute and chronic-that resulted from workplace exposures to toxic chemicals.
It is vital to ensure that consent is clear and fully informed, including acknowledgement and consideration of workers' concerns around power, job security, and safety. Particularly in studies that biomonitor employees, researchers should take steps to protect biomonitored workers from retribution by their employers in studies that biomonitor workers for chemical exposures and precursors of disease.
Worker inclusion also requires full report-back on findings from biomonitoring studies. All participants and researchers should be included in communication strategies with time, staff, and budget allocated to these activities from the start of a project. Participants have a right to know what is in their bodies and what current science interprets that to mean for their health, even if uncertainty persists. 18 A recent review found that participants and researchers who have taken part in report-back identified significant benefits: increased trust in science, retention in cohort studies, environmental health literacy, individual and community empowerment, and motivation to reduce exposures. Researchers and participants gained unexpected insights into the characteristics and sources of environmental contamination. The review concluded that ethical considerations and empirical experience both support study participants' right to know their own results if they choose, so report-back should become the norm in studies that measure personal exposures. 40 Expanding the research on women and work Several ongoing cohort studies explore breast cancer risk and other diseases among women. Many of these studies are longitudinal, and some are prospective studies with ongoing data collection including biomonitoring. Cohort studies can require considerable resource investments to support both data collection and participant retention. Yet, many of these studies do not collect adequate data on occupation. We propose that studies add questions about occupational history, which could greatly enhance the scope of knowledge in this field.
Since many chemical exposures are short-lived, and because exposures at critical lifespan time periods can have profound effects on later-life health, prospective studies are particularly important for understanding environmental links to breast cancer.
Record-linkage studies make use of existing data and are therefore economical to conduct. Large records-based studies may reveal previously unidentified concerns that can be examined with more robust methods. A major issue with these studies is the lack of individual exposure information. In addition, these studies often conduct dozens or even hundreds of risk calculations. While many studies make the appropriate statistical corrections for multiple analyses, those that do not should be interpreted with caution.
It is important that occupational history be included in large longitudinal cohort studies. Examples of existing studies are the Nurses' Health Study, the Agricultural Health Study, CHAMACOS (if extended into adulthood), and the Breast Cancer and Environmental Research Program (BCERP; if extended into adulthood). One large cohort study, The Sister Study, has integrated occupational exposures into its data collection and analysis and thus far has found associations with several exposures. 41 New longitudinal cohort studies of women and breast cancer should include occupational histories. If they do not already, existing studies should collect these data for future analyses.
Conclusions
The complexity of breast cancer risk, along with the multifaceted nature of work and work exposures requires further research to capture nuances of job roles, settings, exposures, and how they interact with women's life histories. This research should recognize the knowledge workers have of their own work environment, 35 emerging data on endocrine disruptors, 42 low-dose exposures, 43 early life exposures (particularly as it relates to women of child-bearing age and their offspring), 2, 44 and mixtures. 45, 46 Researchers need to gather data on pre-versus postmenopausal breast cancer, hormone-receptor status, and the variations of these different breast cancer subtypes among women of different races and ethnicities. This is vital for understanding how occupational exposures intersect with the considerable variability within the broad category of breast cancer.
In addition, it is vital that studies begin to devise sophisticated methods of gathering and reporting data on work history. Occupational changes, shifts in job roles, and changing workplace exposures over a worker's life span may have a significant impact on later life risk of breast cancer.
Research results should not be an end in themselves. Policy implications that may emerge from research outcomes should be considered and translated into workplace, occupational, local, state, and federal policies such as regulation of industrial chemicals, pesticides, and agricultural practices.
In addition to an expanded investment in research, we must address the elevated risk of breast cancer in women working in certain occupations and experiencing specific exposures. As such, the following prevention-based values can guide policies around work and workplace exposures.
Workers' Health Must be Protected
As was noted in the foundational paper on occupational cancers in women by Zahm and Blair in 2003, 47 Work should be a place where people provide a living for themselves and their families, a place of accomplishment, and a place of satisfaction, not a place where women increase their risk of disease and injury for themselves or their family. Identifying and controlling hazardous occupational exposures should be a public health priority, particularly because these are involuntary exposures from the workers' perspective, yet these exposures are largely preventable. Society can and should ensure that harmful occupational exposures are identified and reduced.
Although there has been a strong movement historically to address work-site safety, the impacts of chemical exposures on safety and health have often been absent from these discussions. This review identifies research gaps and recommendations for future research that could improve our understanding of occupational risks of breast cancer.
Prevention Must be Prioritized
Prevention research and action is often under-resourced, despite their proven economic benefits. 48 Exposures to environmental and occupational carcinogens are often preventable. Primary prevention that controls a common source of exposure to proven and probable carcinogens is far more effectual, and cost-effective, than persuading thousands of people to each change their individual behavior. 49 We support the 2013 statement of the Interagency Breast Cancer and Environmental Research Coordinating committee that "Prevention is the key to reducing the burden of breast cancer." 2 
Protecting Workers Protects Everyone
Reducing exposures in the workplace benefits not only workers but also their families and the general public. 50 Currently, for the few chemicals that have worker exposure limits, the permissible exposure limits established by the Occupational Safety and Health Administration are orders of magnitude higher than those set by the Environmental Protection Agency for the general public, so women and men in the workplace are routinely exposed to levels of chemicals that would not be allowed in their homes. The relatively lax requirements in some occupational settings lead to both higher levels and longer exposure periods than would otherwise occur in a commercial or residential setting.
Efforts to reduce workplace exposures could have far-reaching public health impacts. If we make workplaces safer, particularly by substituting safer chemicals in manufacturing and production, it will reduce toxic exposures not only for workers but also for the general population. Using green chemistry in manufacturing products protects not only the industry's workers but also the communities around the manufacturing sites and consumers in general. Reducing worker exposure also reduces the chance that workers will bring those exposures home to their families on their clothes and body. 20 Hugging one's child at the end of a work day should not expose the child to toxic chemicals.
Ongoing and future research can fill critical gaps in what we know about work and breast cancer by including working women, measuring exposures more precisely, and accounting for variations in risk by factors such as menopausal status, reproductive history, race/ethnicity, and income.
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